Introduction

28
Sustainable forest management aims at the utilization of forests in a way that maintains and enhances 29 the long-term health and productivity of the forest ecosystem (Schanz 2004) . Soil biological, chemical 30 and physical processes play key roles in the maintenance of healthy ecosystem functioning. Heavy 31 machinery used in harvesting operations, such as harvesters and forwarders, may cause rutting and soil 32 compaction (Cambi et al. 2015 ) that can disturb critical soil functions. The primary change under the 33 machinery, however, is the physical alteration of the soil pore structure and pore size distribution 34 (Cambi et al. 2015; Hansson et al. 2018) . This is reflected in changes of water retention characteristics 35 (Hansson et al. 2018) , which further affect physical conditions such as moisture and aeration regime 36 (Goutal et al. 2012) , and finally through the changed redox conditions to various biological and 37 chemical processes (Lindsay 1979; Reddy and DeLaune 2008) . A process-based ecological 38 understanding of the trafficking impacts on peatland soils calls for experimental quantification of the 39 physical changes in the top peat layer.
In upland forests the machinery is known to cause soil deformation inducing structural changes in the 48 microbial community, mechanical root damage, and rut formation (Host 1996; Frey et al. 2009; Nawaz 49 et al. 2012; Hartmann et al. 2014) . However, peat differs from mineral soils: it has high organic content D r a f t 4 (more than 75 %), high moisture content, high compressibility, and low shear strength (Päivänen and 
Recovery from deformation of mineral soil may require decades (Froehlich et al. 1985; Erler and 74 Güldner 2002; Heninger et al. 2002; Horn et al. 2007; Cambi et al. 2015) , but currently there is very 75 little information available on how reversible the machinery-induced physical changes of peat are. This 76 study aimed to experimentally determine the impact of harvesting machines on peat physical 77 properties, i.e. water retention characteristics, bulk density and pore size distribution, in drained 78 peatland forests. We applied a chronosequence approach to quantify the extent and the rate of recovery.
79
We expect peat to be vulnerable to trafficking resulting soil deformation but unlike fine mineral soils,
80
we expect peat to be able to recover. This is because the organic soil has loose fibrous structure that 81 small forces like root ingrowth or freezing and thawing cycle may modify. 
Materials and methods
83
Experiment layout and sampling
84
We selected six Scots pine (Pinus sylvestris L.) dominated drained peatland sites located in Southern carry a maximum load of 10 000-15 000 kg. The sampling of sites with similar forest site type, 96 vegetation, peat type, location but differing in the time elapsed since the harvesting allowed us to 97 investigate the impact and the gradual recovery. After selecting the sites, peat disturbance along the 98 logging trails was classified according to the prevailing rut depth. As a control, we measured peat 99 surface unaffected by trafficking, (disturbance class DC0) located 5 m -10 m away from the trail.
100
According to the prevailing norms (Vanhatalo et al. 2015) the maximum allowed logging trail depth in 101 peatlands is 0.20 m, which was used as a basis for classification of disturbance severity. Sites where the 102 logging trail depth was < 0.20 m were considered as moderately disturbed (disturbance class 1, DC1); 103 whereas if the depth was > 0.20 m the plot was classified to severe disturbance (disturbance class 2, 104 DC2).
105
The following hierarchy was used in the study layout: we had six sites in three AC, each site containing 106 a total of twelve plots in three DC (six in DC0, three in DC1, three in DC2). Therefore, the total 107 number of plots in the study was 72. Peat samples for DC1 and DC2 were taken from the middle of the 108 logging trail, whereas the control samples (DC0) were taken from the undisturbed surface. We 
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where ρ w is the density of water (998 kg m -3 at 20 ℃), and V s is the volume on the fresh sample [m 3 ].
131
Water retention characteristics θ(ψ) were described using van Genuchten-Mualem equation (Mualem 132 1976; van Genuchten 1980) (Eq. 2) that was separately fitted for each sample.
Pore structure can be characterized by pore size distribution which is calculated using specific moisture 139 capacity C calculated as first derivative of van Genuchten-Mualem equation dθ/dψ (Eq. 3). into marco-, meso-, and micropores according to Päivänen (1973) . The difference in water content 148 between saturation and 10 kPa represents macropore volume (> 30 μm), the difference between 10 kPa 149 and 500 kPa the mesopore volume (0.6 μm -30 μm), and the remaining micropore volume (< 0.6 μm)
150
(Päivänen and Hånell 2012).
151
Field capacity was assumed to be equal to volumetric water content at 10 kPa (Kolka et al. 2011) .
152
Organic matter content as loss on ignition (LOI) was determined gravimetrically by burning a 25 g 153 subsample of oven-dried peat in a furnace at 600 ℃ for 4 h. pH was measured from a mixture of 10 ml 154 of fresh peat and 30 ml of distilled water. used to study bulk density while the model (Eq. 5) to study field capacity and parameters of van
160
Genuchten-Mualem equation.
where: ρ ijkl is the bulk density; β 0 ,...,β 8 are the fitting coefficients; ACII and ACIII are indicators of sampling k = (1…144); ɛ ijk is a residual variance.
where: x ij is the investigated parameter; β 0 ,...,β 8 are the fitting coefficients; ACII and ACIII are 
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Visual evaluation of the residual plot did not reveal any obvious deviation from homoscedasticity or 174 normality. The linear mixed effects modelling was done with nlme package (Pinheiro et al. 2018) .
175
Multiple comparisons of the response variable with respect to disturbance class within age class were 176 done with lsmeans package (Lenth 2016) by applying Tukey's HSD adjustment.
177
Nonlinear regression analysis was used to study the recovery of bulk density after the disturbance using 
Results
187
Forest trafficking connected to harvesting and forwarding caused soil deformation that was visible as 188 rutting and compaction in top peat layer. The data analyzed from the intact control points and the 189 impacted logging trails revealed that the trafficking had changed the physical properties of the peat,
190
and that these damages gradually recovered thereafter. The primary change following the disturbance 191 was a collapse of the pore structure, which was seen as a decreased amount of macropores. The pore 192 structure change was first reflected to water retention characteristics, which subsequently had caused 193 changes in soil chemical environment in the logging trails.
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Linear mixed effects models analysis (Appendix B) and pairwise comparisons ( pressure to the tree canopy, which amplitude can be centimeters (Hintikka 1972 Page 37 of 37 https://mc06.manuscriptcentral.com/cjfr-pubs
